Especially in aquatic systems an understanding of diversity effects on litter 23 decomposition is still incomplete. 24 2. Here we conducted an experiment to test two main factors associated with 25 global species loss that might influence leaf litter decomposition. Firstly, we 26 tested whether mixing different leaf species alters litter decomposition rates 27 compared to decomposition of these species in monoculture. Secondly, we 28 tested the effect of the size structure of a lotic decomposer community on 29 decomposition rates. 30 3. Overall, leaf litter identity strongly affected decomposition rates, and the 31 observed decomposition rates matched measures of metabolic activity and 32 microbial abundances. While we found some evidence of a positive leaf litter 33 diversity effect on decomposition, this effect was not coherent across all litter 34 combinations and the effect was generally additive and not synergistic. Plant detritus not only forms the vast majority of the dead organic matter pool in 51 terrestrial systems, but is also an important source of energy in aquatic systems 52 (Anderson & Sedell 1979) . In aquatic systems, dead organic matter from plants can be 53 generated in situ by aquatic vascular plants (i.e., autochthonous litter). However, ex situ 54 decomposition and nutrient turnover is of high interest in order to predict the 69 consequences of changes on ecosystem functioning (Handa et al. 2014) . 70
The study of how litter diversity affects decomposition has especially attracted 71 interest in terrestrial systems, with some studies showing an accelerated decomposition 72 rate when increasing litter diversity ( Srivastava et al. 2009 ). As mentioned, however, a 75 significant portion of terrestrial litter decomposition is occurring in aquatic systems 76 (Ball et al. 2010) . Surprisingly, in aquatic ecosystems the focus has often been on 77 effects of leaf litter quality, climate or the structure of the decomposer community (e.g., 78 not yet emerged (Giller et al. 2004) . 89
Here, we studied how the diversity and identity of allochthonous leaf litter from 90 common tree species and the size structure of a natural aquatic microbial decomposer 91 community extracted from a lotic system (small, dammed forest stream; see Fig. S1 in 92
Supporting information) affect litter decomposition in aquatic ecosystems. To achieve 93 this goal, we used four leaf litter species (alder, beech, poplar and oak; Fig. 1 ) in 94 experimental mono-, bi-and poly-cultures, and exposed them to decomposition by a 95 natural aquatic microbial community and a microbial community of which we 96 manipulated the size structure by excluding larger, potentially predatory, eukaryotic 97 microbial organisms. We followed decomposition of leaves and tracked microbial 98 activity (oxygen concentration) and community dynamics of free-living microbes 99 (density and size structure of bacteria and protists) to functionally link the structure of 100 the microbial decomposer community and leaf litter diversity to the process of litter 101 decomposition. Our approach explicitly allowed us to address both bottom-up diversity 102 effects of leaf litter as well as top-down diversity effects of decomposer organisms on 103 decomposition. 104
105
Methods 106
General experimental set-up 107
We tested the effects of leaf litter quality and diversity and the structural complexity of 108 the decomposer community on litter decomposition in a microcosm laboratory 109 experiment. We used leaf litter from four tree species common and native to Central 110
Europe that display a range of litter quality: black alder (Alnus glutinosa), European 111 beech (Fagus sylvatica), black poplar (Populus nigra) and pedunculate oak (Quercus 112 robur); in the following we refer to these four species using their genus name. We 113 selected these species as Alnus and Populus are considered to be good quality 114 6 resources, while Quercus and Fagus are known to be generally of lower quality (see for 115
example Hladyz et al. 2009; Frainer et al. 2015) . We used naturally senesced, air-dried 116 leaves. Previous to the experiment, the leaves from all four species were mixed together 117 and leached in river water for 24 hours so that water-soluble and possibly inhibitory 118 compounds in the leaves (e.g., tannins) could leach out. We then cut leaf discs (ø = 2.5 119 cm) from all leaf species and dried them for 60 hours in a drying oven. The leaf discs 120 were then individually weighed. We used a subset of leaves from the same batch as 121 used in the experiment and analysed them for carbon, nitrogen, and phosphorus content 122 In each microcosm we placed a total of four leaf discs of different species 128 combinations: microcosms contained either a single leaf litter species (i.e., four leaf 129 discs of either Alnus, Fagus, Populus or Quercus respectively), mixtures of two leaf 130 litter species (i.e., two leaf discs of two leaf species, in all possible pairwise 131 combinations) or leaf discs of all four species (i.e., one leaf disc from each species), 132 resulting in 11 different leaf litter treatments ( Fig. 1) . 133
We used natural aquatic microbial decomposer communities of two different 134 structural complexities to test for possible interactive effects of the decomposer 135 community trophic structure with litter diversity. Natural microbial communities 136 originated from a small, dammed stream surrounded by deciduous forest near Pfäffikon 137 ZH, Switzerland (location: 47° 22' 27.1" North, 8° 48' 08.3" East) (see also Mächler & 138 Altermatt 2012). We sampled the water including the microbial communities near the 139 7 inflow ( Fig. S1 in Supporting Information), such that our study looks at water and 140 microbial decomposers that are characteristic of a lotic system. Twenty liters of water 141 was sampled in October 2015 and filtered on site to remove large aquatic organisms 142 such as macroinvertebrates or vertebrate larvae (mesh size 250 µm). The filtered water 143 contained the natural microbial decomposer community consisting of bacteria, fungi 144 and protists, and henceforth is referred to as the "complete decomposer community" 145 ("CDC"). To obtain a size-fractionated community ("SFC") with a reduced functional 146 and trophic complexity (i.e., exclusion of large organisms such as predatory rotifers or 147 ciliates), we filtered half of the water through a much finer filter (mesh size 11 µm). 148
Many of these microbial organisms are rather flexible in their body structure (e.g., 149
amoeba which can change their shape very plastically and have substantial intraspecific 150 variability in size, see Giometto et al., 2013) , and thus the 11 µm filter is not a clear-cut 151 threshold: some organisms may pass when small, but grow bigger thereafter, or some 152 organisms are much longer than 11 µm, but very slender, and can thus still pass. were conditioned in one vessel filled with stream water for 24 h. Furthermore, 161 microbial communities, including fungal spores, came in through the water sampled 162 from the dammed forest stream and used for the experiment. We could, however, not 163 measure fungal components in the leaf biomass for logistic and technical reasons. 164 Importantly, however, our goal was to study the effect of leaf litter identity and 165 decomposer community size structure, but not community identity of the latter. 166
All microcosms were filled with 100 mL of the corresponding decomposer 167 community (CDC versus SFC), with five replicates per treatment combination, 168 resulting in a total of 110 microcosms (Fig. 1 ). Microcosms were filled with the 169 different resource types (leaves) and the corresponding decomposer community on 27 th 170
October 2015 and leaf litter was subsequently incubated in these aquatic microcosms 
Response variables 182
Our primary response variable was leaf biomass loss (as a proxy for 183 decomposition rates). Oxygen concentration and the composition and structure of 184 bacteria and protist communities were used as complementary response variables 185 underlying drivers of decomposition/decomposer activity. 186
To measure leaf biomass loss, we removed the leaf discs after 72 days of 187 incubation and carefully cleaned them from the biofilm under running tap water. We then dried the leaf discs at 60 °C for 60 hours and measured the final dry mass of all 189 individual leaf discs. 190
We measured dissolved oxygen concentrations in the microcosms every two 191 days during the first four weeks of the experiment and thereafter for organizational 192 reasons twice a week for the remaining six weeks with an optical oxygen meter 193 (PreSens Fibox 4 Optical Oxygen Meter). Oxygen concentration is often negatively 194 correlated with microbial activity, and can in parts be used as a proxy of it (Briand et 195 al. 2004 ). Importantly however, in our case there were also likely photosynthetic 196 organisms present, such that microbial activity could to some degree also increase O2 197 levels. While we did not see a pronounced development of a photosynthetic biofilm, the 198 longer term dynamics in O2 concentrations likely included a combination and 199 equilibrium between O2 consumption during decomposition and O2 production by 200 phototrophic organisms. We thus see the O2 measurements reflecting microbial 201 activities in a broader sense. 202
We measured density and cell size distributions of free-living protists and other 203 microorganisms (e.g., rotifers) with a diameter >5 µm in the decomposer communities 204 Finally, we measured abundance of bacteria with a BD Accuri C6 flow 212 cytometer (Becton-Dickinson) during the experiment at roughly one-week intervals. 213
Samples were diluted with filtered Evian ® according to expected densities within the 214 microcosms, stained with 20 µl of the fluorescent dye SYBR ® Green and incubated for 215 threshold value of 800 on FL1-H (green fluorescence level). We used well-established 217 gating settings to distinguish between background noise and bacterial counts (Altermatt 218 et al. 2015) . 219 220
Data Analysis 221
We used the R software version 3.3.2 (R Development Core Team 2016) for all 222 statistical analyses. We calculated the proportion of the final leaf litter dry weight 223 compared to the initial leaf litter dry weight as the decomposition rate (odds ratio). We 224 used generalized linear models (GLMs) with quasi-binomial link functions to examine 225 the influence of our predictor variables, resource type and decomposer community 226 type, on leaf mass loss. To disentangle the effects of the different resource types we 227 conducted post-hoc multiple linear pairwise Tukey-test comparisons using the R-228 package 'multcomp' (Hothorn et al. 2016) . 229
For the proximate response variables, we used linear mixed effect models in the 230 R-package 'lmerTest' (Kuznetsova, Brockhoff & Christencesn 2015) to test the effects 231 of leaf litter diversity and consumer community on oxygen concentrations, total cell 232 counts, living biomass, median organism size and bacterial densities in the community. 233
The resource type and the decomposer community were used as fixed effects whereas 234 time was used as a random effect. 235
Results 237
Leaf litter decomposition differed significantly between litter types and combinations 238 thereof, and between the two decomposer community types ( Fig. 2 and table 2 ). There 239 was no interaction between leaf litter treatment and decomposer community structure. 240
In all treatments, Populus and Alnus leaves were more strongly decomposed than 241
Fagus and Quercus leaves, and most of these differences were significant or marginally 242 significant (decomposition Populus > Fagus, p < 0.001; decomposition Populus > 243 Quercus, P < 0.001; decomposition Populus > Alnus, p = 0.03; decomposition Alnus > 244
Fagus, p= 0.08; decomposition Alnus > Quercus, p = 0.07; decomposition Fagus ~ 245 Quercus, p = 0.97; Figs. 2 & 3, complete statistical details are given in table S1 in 246
Supporting Information). Size-fractionated communities showed a small but significant 247 reduction in decomposition rates compared to complete communities, which included 248 higher trophic levels and larger organisms (Fig. 2, table 2) . Overall, the most common 249 effect of mixing different leaf types on decomposition rates was additive, but we also 250 found some synergistic effects (the expected value is the mean of the two species' 251 values in monoculture and denoted by the red line in Fig. 2 ; the observed value, 252 indicated by the bar, is in some cases higher than the expected value; see tables A2 & 253 A4 for full overview of statistical results). When looking at decomposition rates of each 254 leaf litter species individually, we found no differences in decomposition for leaves of 255 Oxygen concentrations showed pronounced temporal dynamics with a drastic 260 decrease in the first five days, and a subsequent increase to a stable value after about 30 261 days. We found highly significant effects of leaf litter type on O2 concentration and 262 significantly lower O2 concentrations in the complete vs. size-fractionated communities 263 ( Fig. 4 and table 3 ). The mixing of leaf litter generally resulted in intermediate O2 264
concentrations compared to single leaf litter treatments (i.e., additive effects on O2 265 concentration, Fig. S3 to S8 in Supporting Information). 266
Leaf litter type also significantly influenced microbial cell counts (eukaryotic 267 and prokaryotic) and total microbial biomass ( Fig. 5 and table 3 ). As expected, filtering 268 communities initially with a 11 µm filter removed and significantly reduced organisms 269 (table 3) . 287
In contrast to these overall microbial community shifts, bacterial densities 288 significantly declined over time in all treatment combinations ( Fig. S2 Supporting  289 Information), with significant differences between leaf litter treatments but no 290 significant effect of initial community structure (table 3) We found that leaf litter identity strongly influenced litter decomposition rates, but that 297 rates were also modulated by the structural composition of the free-living decomposer 298 community. Consistent with previous work in stream systems, mixing leaf litter 299 generally exhibited an additive rather than a synergistic effect on decomposition (e.g., 300 Kominoski et al. 2007 ). Additionally, we found that manipulating the size structure of 301 the decomposer community has a direct influence on decomposition rates and on 302 biological processes (microbial activity as measured by O2 concentration), while some 303 of the proximate measures of community structure were not significantly affected. decomposed differently depending on the co-occurring leaves (Fig. 3a,e . This would provide some support for the first mechanism, that leaf litter gets 357 degraded with a constant rate regardless of the presence of other species. Importantly, 358 however, these past studies focused on the effect of fungi on decomposing leaves, 359 while we could not measure fungi themselves. Thus, our results need to be interpreted 360 with some care when being compared to these other studies.
As mentioned above, we also found strong exceptions to this overall additive 362 effect of mixing leaf litter species (Fig. 4) . When mixing Fagus or Quercus with Alnus 363 leaves, we observed higher overall decomposition than the expected average of the two table 1) with a high quality leaf litter (especially Alnus with a high nitrogen content; 368 table 1) (see also Vos et al. 2013 ). In addition, Fagus also had the lowest phosphorus 369 content (table 1) 
Proximate effects on microbial and bacterial communities 377
Leaf litter identity strongly influenced O2 concentrations in the microcosms (Fig. 5) and 378 the observed O2 concentrations during the early phase of the experiment closely 379 matched the inverse of overall decomposition rates. The strong temporal fluctuations 380 with an initial decrease in O2 concentrations, and a subsequent increase and then steady 381 state could be explained by a combination of depletion of nutrients (Dilly & Munch 382 1996) resulting in lower decomposer activities during the latter half of the experiment 383 (and O2 diffusing into the medium), the potential formation of a photosynthetically 384 active biofilm, in which microbial activity was not only consuming but also producing 385 O2, or the presence of leachates and inhibitory compounds during the initial phase and 386 an associated community turn-over during the experiment from fungi to bacteria 387 dominance. Initial colonization and decomposition of the leaves results in a rapid 388 decomposition of the more labile compounds, while more recalcitrant compounds can 389 only be accessed later on. 390
Microbial cell counts, representing the number of free-living eukaryotic 391 organisms such as protists, showed as expected the inverse pattern to oxygen 392 concentrations ( Fig. 5) : an initial increase of organisms could be detected, but then the 393 number of organisms decreased. Bacterial densities also declined over time ( Fig. S2  394 Supporting Information). This is consistent with an initial high availability of nutrients 395 but subsequent depletion. Surprisingly, however, the total biomass increased steadily 396 over time (Fig. 5) , paralleled by an increase in the median cell size of the community 397 over time (Fig. 5 ). This suggests a shift in the community structure towards fewer 398 larger organisms. 399
In the complete decomposer community, larger, possibly bacterivorous, protists 400 were likely present, which are expected to substantially reduce bacteria abundances. As 401 a consequence, we expected lower decomposition rates. However, we found the 402 opposite result. This counterintuitive increase in decomposition rates in the presence of 403 larger bacterivorous/predatory protists has also been seen in other studies (Barsdate & 404 Prenski 1974 , Ribblett et al. 2005 , and has been explained by a high turnover of 405 bacteria leading to a better physical state of the bacterial community consequently 406 enhancing decomposition. We see three mutually non-exclusive explanations. First, it 407 could be a top-down effect of the larger microorganisms ("meiofauna") on the smaller 408 decomposers. However, in our case bacterial densities did not vary with the structure of 409 the decomposer community (CDC vs. SFC), arguing against this positive effect of 410 grazing. Second, the meiofauna itself may not only consist of predators, but also 411 include some decomposers. Thus, the meiofauna would to some level increase 412 predation but also increase decomposition. In that case, the complete decomposer 413 community would actually also include a potentially higher diversity of leaf consumers. 414
Finally, it could also indicate a distinct enzymatic capacity towards more recalcitrant also Handa et al. 2014) . Whether this is a consequence of species richness or functional 425 diversity is challenging to unravel, because by reducing the functional diversity via 426 size-fractioning the community, we simultaneously reduced species richness. Overall, 427 our results underpin that the trophic complexity of a decomposer community (e.g., see 428 also Stocker et al. 2017 ), also at the microbial level, is crucial for the functioning of the 429 litter decomposition process. 430 431
Conclusion 432
We found that leaf litter identity and quality significantly and strongly influence 433 decomposition rates. Only in the case of Alnus and Fagus, mixing leaf litter species 434 resulted in synergistic effects in decomposition rates. For the other species 435 combinations, the effects were additive. This suggests that the diversity of primary 436 producers is not as important in the process of litter decomposition as in other 437 ecosystem functions, such as primary production. Importantly, decomposition rates 438 were higher in microbial decomposer communities that were not size-fractionated 439 compared to microbial decomposer communities in which medium to large-sized 440 microbes were initially removed, even though many of our metrics characterizing these 441 communities (e.g., size structure, abundance etc.) were surprisingly similar throughout 442 the experiment. This finding implies that trophic diversity and functional traits of the 
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